Abstract. A stand-alone software for the probabilistic assessment of seismic hazard is developing. In its final version
INTRODUCTION
The case of probabilistic seismic hazard assessment for a specific site is consolidated [1, 2] and acknowledged by the most advanced national and international seismic codes (e.g., [3, 4] ). Indeed, there are several computer programs for site-specific probabilistic seismic hazard analysis (PSHA) publicly available or produced as proprietary codes. On the other hand, the attention toward the seismic hazard assessment for multiple sites is growing recently (e.g., [5, 6, 7] ) and the developed knowledge has not found yet its direct application in the engineering practice.
The aim of the work partially presented in this study is to develop a user-friendly software for both site-specific and multi-site PSHA. The name of the tool is REgionAl, Site-SpEcific and Scenario-based Seismic hazard analysis (REASSESS) and, as the name suggests, it will be divided in three modules. The one preliminarily presented in this contribution is about sitespecific PSHA, while the others are under-development.
The flow chart in Figure 1 schematically summarizes the main features of the site-specific module. Input parameters, defined by the user or selected from embedded databases, are the geographical coordinates and soil condition of the site of interest, the seismic sources, the magnitude distributions and the annual rates of earthquake occurrence (within the magnitude limits of interest) for each source, and the models of ground motion propagation (parameters and GMPMs can be multiple if a logic tree is adopted [8] ). The primary outputs are the hazard curves for the selected intensity measures, which, along fragility curves (e.g., [9] ), can be the input for seismic risk assessment software (e.g., [10] ). Additionally, the software is able to provide the disaggregation of seismic hazard [11] and, according to the latter, the distribution of conditional hazard [12] (i.e., the distribution of a secondary intensity measure conditional to the occurrence or exceedance of a primary one). Moreover, when spectral ordinates are chosen as intensity measures, REASSESS provides the uniform hazard spectrum (UHS) [2] for a given return period and the conditional mean spectrum (CMS) [13] (in which disaggregation is also involved).
Each of these issues is analyzed in the following sections providing the essential basics of PSHA and the details about the software implementation. In the final part, the main features of the graphical interface and some results of illustrative analyses are shown. 
PROBABILISTIC SEISMIC HAZARD ANALYSIS
PSHA aims at computing the rate   im  of seismic events exceeding a ground motion intensity measure (IM) threshold   im at a specific site. When more than one seismic source affects the site, the rate is due to superposition of the contributions from each source, as illustrated in Equation 1 where s n is the number of sources. In the equation, M is the event magnitude, R is the source-to-site distance, i  is the mean annual rate of earthquakes within a magnitude range of interest at source i, , ,
is the joint probability density function (pdf) of R and M for the i-th source. The exceedance probability of an intensity measure threshold, given a magnitude and distance pair, 
Equation 1 accounts for the uncertainties related to seismic hazard. In some cases, however, the choice for models and distributions to be used in PSHA may not be straightforward. In these cases, the use of a logic tree, which is also implemented in REASSESS, allows to deal with model uncertainty [8] . Indeed, according to the logic tree, im  is computed as a weighted average of alternative models; the weight assigned to each model is the probability of that model being correct (see Section 2.4 for further details).
Plotting im  as a function of im provides the hazard curve. In the following section, it is described how computation of hazard curves has been coded in REASSESS, targeting accuracy and reduced computing time.
Calculation of PSHA via matrix algebra
The algorithms of REASSESS have been developed in MATLAB® [14] and the hazard integral is approximated by matrix operations, for which MATLAB® is especially effective [15] . Such operations are described in this section referring to the case of a single source, for the sake of simplicity. Moreover, it has to be clarified that in the algorithms of REASSESS the joint magnitude-distance distribution in Equation 1, is computed as the product of the distribution of distance conditional on magnitude and the marginal distribution of magnitude itself (Equation 2):
In the following, the discretized values of event magnitude and source-to-site distance involved in PSHA will be indicated as     
The pdf of magnitude, . In fact, this matrix has q identical columns, each of which is made of the magnitude probability vector repeated s-times.
Similarly, the   C matrix is a row vector with   .
At this point, the operation of pointwise multiplication between two matrices of the same dimensions has to be recalled (i.e., the Hadamard product [16] ). It is here indicated by the  symbol and provides a resulting matrix of the dimensions of those multiplied. Its elements are the products of the corresponding elements in the original matrices. More specifically,
implies that the resulting matrix has each element of the type:
Therefore, the unit-time rates of exceedance of the im values considered,   , where the dot represent matrix multiplication.
Soil effect
The GMPMs provide the (usually lognormal) cumulative density function of the IM at the site of interest given the magnitude of the earthquake, the source-to-site distance and some possible additional seismic parameters (e.g., soil site condition). In most cases, the different soil conditions at the site are considered in the GMPMs through modification factors that operate only on the mean of the (lognormal) distribution. When such kinds of GMPMs are chosen for PSHA, i.e. when the standard deviation of the residuals of the GMPM does not depend on the soil class, a deterministic relationship between the hazard curves for different soils exists [17] . This allows REASSES to provide hazard curves for any kind of soil conditions performing a single analysis.
In particular, it has been demonstrated that, if the soil in the GMPM only affects the mean given magnitude and distance, for example via addition of a coefficient soil  , as it often happens, then once the hazard curve is obtained for a reference condition (e.g., rock), the hazard curve for soil, 
Seismic sources and magnitude distributions
In REASSESS, seismogenic zones and/or finite tridimensional faults can both be inputs for PSHA. Seismogenic zones are geographic areas with homogeneous seismicity; i.e., each location has the same probability to be the location of the earthquake and the magnitudes of events in each location are independent and identically distributed random variables. For the characterization of seismogenic zones, the software requires the following input parameters: (i) the geographic coordinates of the vertexes of the source, (ii) the seismic parameters and (iii) the predominant faulting style, if known. Regarding (ii), it is assumed that the distribution of the magnitude of the earthquakes is described by a truncated exponential distribution consistent with the Gutenberg-Richter (GR) relationship [18] ; hence, the seismic parameters of (ii) are the slope of such a relationship, together with minimum and maximum magnitude and the mean annual rate of earthquake occurrence in the seismic source zone. The pdf of the epicentral distance is derived from the uniform distribution of the epicenters within the fault. However, the GMPM may refer to one among a variety of distance metrics; e.g., the minimum distance from the horizontal projection of the rupture, known as Joiner and Boore distance   jb R [19] . In the V1.0 of REASSESS the epicentral distances are converted into jb R according to [20] .
The definition of the zones is not the only possibility in REASSESS. In the software, some known databases of seismogenic zones are already implemented. These are, referring to Italy, the seismogenic zones described in [21] with the seismic parameters taken from [22, 23] . At the European scale, the database of seismogenic zones provided by the SHARE research project (available at http://www.share-eu.org/, last accessed 22/02/2016) is embedded.
On the other hand, finite tridimensional faults can also be considered. The geometry and location of the single fault have to be known in this case. The required input parameters are the geographical coordinates of the vertexes of the fault and the rake, strike and dip angles (see [8] for example). A uniform probability distribution of the epicenter on the fault plane is assumed. Regarding the distribution of magnitude, apart from the GR, REASSESS V1.0 al-lows the definition of a characteristic model [24] that may be more appropriate in the case of individual faults.
Logic tree and GMPMs
PSHA is often implemented considering a logic tree, which allows accounting for model uncertainty [2, 8] : indeed, it allows the use of alternative models, each of which is assigned a weighing factor that is interpreted as the probability of that model being correct. The sum of the weights of all the alternative models must be equal to one. When the logic tree is of concern, im  , is computed through Equation 8 in which j p and , im j  are the weight and the result of each branch of the logic tree, respectively; b n is the total number of branches.
In REASSESS accepted models' heterogeneity refers to: (i) parameters of the magnitude distributions (i.e., magnitude range and b-value), (ii) mean annual frequency of earthquake occurrence on the sources and (iii) GMPMs. In particular, (i) and (ii) may be from direct input of the user, while GMPMs have to be chosen among a set of already implemented models. To guide the user, general indications about the tectonic regime each GMPM refers to [25] are provided.
An example of logic tree is shown in Figure 2 in which two alternatives for the total rates   
DISAGGREGATION, CONDITIONAL HAZARD AND CONDITIONAL MEAN SPECTRA
Once hazard curves are ready, REASSESS also allows enhancing the characterization of the seismic threat for the site in three ways. The first is the disaggregation of the seismic hazard [11] that can be calculated for several exceedance rates; i.e., several values of the intensity threshold. Disaggregation is a procedure that allows the computation of the pdf of   ing  the number of standard deviations im is away from its median value estimated by the assumed GMPM. Analytically, such a distribution can be computed through Equation 9 that refers to the case of single seismic source and multiple-branches arranged in a logic tree. In the equation, in the case of disaggregation of the exceedance hazard, I is an indicator function equal to one if IM is larger than the threshold and zero otherwise. The subscript refers to the jth branch of the logic tree.
A discussion of the possible uses of disaggregation (e.g., [26] ) is out of the scope of this paper however it is worth noting that, although disaggregation for the exceedance of the hazard threshold is a traditional choice, in the context of performance based earthquake engineering disaggregation for the occurrence of the IM may be more appropriate. REASSESS allows to compute disaggregation of both ground motion intensity exceedance and occurrence hazards.
The software also allows the computation of conditional hazard [12] and uniform hazard spectra and conditional mean spectra [13] . The former is the distribution of a secondary IM conditional on the exceedance (or occurrence) of a primary IM for which the hazard has been calculated. This allows assessing the hazard consistent distribution of more than one IM, which is equivalent to vector-valued PSHA [27] . In REASSESS, once the UHS for a fixed return period has been calculated, it is possible to choose a spectral period defining as primary parameter, 1 IM , the corresponding pseudo-spectral acceleration and asking for the conditional distribution of the secondary intensity measure, log log log log , , , , , log
Finally, the conditional mean spectrum can be computed. It is a target response spectrum able to account for the statistical correlation of residuals between different spectral ordinates of the same GMPM. This issue, which is disregarded in UHS, is believed helpful for hazardcompatible record selection [28] .
The analytical definition of CMS is reported in Equation (11) log log Sa T Sa T  (this is the case of the REASSESS).
GRAPHIC USER INTERACE
The main features of the graphic user interface (GUI) of REASSESS are described in this section. 1 The GUI is conceptually divided in three sections identified in Figure 3 with the dotted red lines. The first section is dedicated to the definition of input parameters required for PSHA. The site is defined by the geographical coordinates and the soil class. The latter is provided through the Vs30 (expressed in m/s 2 ) that is, the shear wave velocity of the top 30 m of the subsurface profile (see Section 2.2). The GMPM is selected with a pull-down menu in which all the implemented GMPMs are reported (see Section 2.4). Then the seismic sources have to be characterized. The user is first required to choose between embedded databases of known seismogenic sources, user-defined seismogenic sources and individual faults. These three choices are not exclusive so it is possible, as an example, to integrate sources from databases with information derived from specific studies. For each seismic source, a separate window with all the required parameters (see Section 2.3) appears. Site and source locations are shown in a map. The user is also required to 1 The development of the other two modules of the software may cause some modification to the GUI. However, the main features described in this section will be maintained. choose between single-or multiple-branch of logic tree; the features of the different branches of the logic tree are specified in a separate window. A return period of interest is also required.
Hitting the run button, PSHA is performed and the hazard curves are plotted in the second section of the GUI. In the illustrative case of Figure 3 , selected GMPM refers to pseudospectral accelerations. Hence, the UHS is computed for the selected return period   Finally, the third section is for the analyses that can be performed after PSHA. These are disaggregation, conditional hazard and conditional mean spectra (see Section 3).
ILLUSTRATIVE EXAMPLES
In this section, how the site-specific module of REASSESS works is shown via some illustrative examples. A site (40.982N, 14.297E) close to Naples, in the Campania region (southern Italy), is selected and reported in Figure 4 with a star. Seismic sources are the seismogenic zones of [21] . The limiting magnitudes for each zone as well as the slope of the GutenbergRichter relationship and the mean annual rate of earthquake occurrence on the zones are those reported in [22, 23] . In the same papers, the prevalent faulting style for each zone is also reported. These are divided in four categories: normal (N), reverse (R), strike-slip (SS) and undetermined (U).
The selected GMPM is that of [30] that provides the distribution of peak ground acceleration (PGA) and pseudo-spectral accelerations for forty-six oscillation periods between 0.1 and 2.0s. The model is defined within the intervals of magnitude and distance equal to [4.0, 7.6] and [0km, 200km] , respectively. In REASSESS, the GMPMs are always applied in their definition ranges. Hence, the seismogenic zones contributing to the hazard are those (or their portions) within 200km from the site. Moreover, although in the original paper [30] , the attenuation model was independent on the rupture mechanism, the latter is considered via the modification factors provided by [31] .
According to these criteria, the seismogenic zone within 200 km from the site are reported in Figure 4 . Seismic parameters of these zones are summarized in Table 1 Figure 4 . Selected site (star) and the seismogenic zones involved in the hazard analysis. Table 1 . Parameters associated to each zone: minimum (M min ) and maximum magnitude (M max ), annual rate of earthquake occurrence (ν), negative slope of GR relationship (b) and rupture mechanism (RM).
For the selected site, the UHS are here derived. Referring to rock site, Figure 5a shows the UHS' for the annual exceedance probabilities equal to about 2%, 0.2% and 0.04%, corresponding to return periods of 50, 475 and 2475 years, respectively. On the other hand, the UHS' for r T equal to 2475 years and the three different soil conditions provided by [30] are reported in Figure 5b : rock, stiff and soft soil. A simple case of logic tree is also discussed. Two GMPMs are selected: GMPM1 [30] and GMPM2 [32] (and [33] ) with associated weights equal to 0.7 and 0.3 respectively. No other sources of model variability are considered. Hence, resulting logic tree is a simplified form of that reported in Figure 2 (Figure 6a ). The UHS for 2475 r T  years and rock soil condition are derived from the two alternative branches of the logic tree and shown in Figure 6b together with their weighted mean (note that the spectrum is computed only at the spectral periods common to both GMPMs). Referring to the case of single-branch ( Figure 5 ), the occurrence disaggregations of the UHS for 2475 r T  years, rock soil condition and three spectral periods equal to 0.2s, 0.5s and 1.0s are reported in Figure 7 (a, b, and c, respectively) . According to these disaggregation distributions, the CMS' are computed and reported in Figure 7d together with the UHS. 
CONCLUSIONS
A stand-alone software for the probabilistic assessment of seismic hazard is developing. The first module is dedicated to site-specific probabilistic seismic hazard analysis (PSHA), and a preliminary description of it was provided with this paper.
PSHA is consolidated, but hazard assessment may still be demanding for earthquake engineering researchers and is very rare for practitioners. In this context, the REASSESS software is presented as a user-friendly and computationally-efficient option to tackle PSHA.
The present version of REASSESS is able to address the following issues:  PSHA for several intensity measures accounting for model uncertainty;  disaggregation for occurrence or exceedance hazard;  conditional hazard for secondary intensity measures, when spectral acceleration is the primary one; 2 As a general comment to Figure 7 , it is to recall that the REXEL, a software for record selection [34] , also provides disaggregation distributions for Italian sites [35] . Although REXEL relies on the same models used in these illustrative applications, the disaggregations of REASSESS are expected to present some differences with respect to those of REXEL. These are due to different computational choices between the two software, which, however, provide comparable outputs.
 uniform hazard and conditional mean spectra. REASSESS, so far, only deals with site-specific PSHA; however, in some cases, the assessment of the seismic hazard requires considering multiple sites at once. This happens when the analysis of spatially distributed systems is of concern, or when aggregated losses for portfolio of structures and/or supply chains are of interest. The need to account for all the uncertainties and the statistical dependencies involved, make the seismic hazard for multiple sites a not straightforward task. It is a specific goal of the ongoing developments of REASSESS to address multi-site probabilistic hazard assessment, which will include, as special cases, scenario-based regional analyses.
